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Abstract 

Seven  compositions  of  LiMC>2  (M  =  LiwNixCovMnz)  ( w  =  1/15  —  1/6;  v  =  0  —  3/10;  y  =  1/5  —  1/2;  z  —  13/30  —  1/3;  i.e.  wJrx4-y  +  z  = 
1)  solid  solutions  were  synthesized  using  the  sol-gel  method  with  the  following  end  members  LiCo02,  Li2Mn03(Li[Lii/3Mn2/3]02),  and 
Li[Nio.5Mn0.5]02.  The  electrochemical  behavior  of  the  solid  solutions  was  analyzed  for  the  various  compositions  of  metals  in  transition  metal 
sites.  All  synthesized  particles  were  semi- spheric  ally  shaped  with  a  layered  structure.  When  the  content  of  lithium  and  cobalt  was  reduced  (while 
the  other  metals  were  increased),  the  lattice  parameters,  a  and  c,  decreased  and  were  accompanied  by  a  shift  in  the  Raman  spectrum.  The  cycling 
studies  reveal  that  the  compound,  Li[Lii/i2Nii/4Coi/4Mn5/i2]02  was  found  to  be  optimal  in  voltage  and  from  a  stability  point  of  view. 

©  2005  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

Currently,  LiCo02  is  the  most  widely  commercialized  cath¬ 
ode  material  for  the  lithium  secondary  batteries  due  to  its  ease 
of  preparation,  acceptable  specific  capacity,  high  rate  capabil¬ 
ity  and  long  cycle  life.  In  the  recent  years,  in  order  to  preserve 
the  electrochemical  properties  of  cobalt  and  nickel  and  thermal 
properties  of  manganese,  compounds  like  LiNio.sCoo.2O2  and 
LiNii/2-y2Mni/2-y2Coy02  have  drawn  the  attention  of  many 
researchers  [1,2].  The  preparation  of  solid  solutions  with  lay¬ 
ered  manganese  oxides  has  been  extensively  studied  because  of 
its  stable  structure  and  good  electrochemical  performance. 

Ohzuku  et  al.  [3]  reported  the  cycling  behavior  of 
LiNio.5Mno.5O2  between  the  2.5  and  4.3  V  which  delivered  a 
discharge  capacity  of  150  mAh  g_1 .  Kang  et  al.  [4]  have  synthe¬ 
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sized  a  solid  solution  with  two  end  members  of  L^MnOs  and 
LifNio.5Mno.5lO2  with  a  mixing  ratio  of  1 : 1 .  They  reported  that 
the  0.5Li[Nio,5Mno,5]02-0.5Li[Lii/3Mn2/3]02  solid  mixture 
formed  a  layered  structure  solid  solution  with  a  gradual  increase 
in  the  discharge  capacity  from  170  to  210  mAh  g-1  in  the  volt¬ 
age  region  2. 0-4. 6  V.  Although,  Li2Mn03  (Li[Lii/3Mn2/3]02) 
is  electrochemically  inactive  the  solid  solution  with  LEMn03 
(Li[Lii/3Mn2/3]02)  as  the  end  member  showed  a  gradual 
increase  of  discharge  capacity  from  the  first  cycle  [5,6]. 
Numata  et  al.  [7]  reported  the  electrochemical  properties  of 
Li(Coi_ALL/3Mn2V3)02  solid  solutions  with  two  end  members, 
LiCoC>2  and  L^MnC^ .  The  authors  also  observed  that  the  elec¬ 
trochemical  properties  of  the  solid  solutions  had  been  consider¬ 
ably  reduced  when  the  content  of  LEMnC^  was  increased  in  the 
compound.  In  a  similar  study,  Kim  et  al.  [8]  and  Zhang  et  al.  [9] 
synthesized  solid  solutions  with  layered  manganese  oxides  using 
three  end  members:  LiCoC>2,  Li2Mn03,  and  LifNio.5Mno.5JO2, 
and  found  that  these  solid  solution  produced  better  electrochem¬ 
ical  properties  than  LiCo02.  They  examined  the  effect  of  Co 
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content  in  the  materials  by  changing  the  mixing  ratio  of  the  two 
end  members  including  LiCoC>2.  Kim  et  al.  [8]  fixed  the  com¬ 
position  of  Li2Mn03  at  0.3,  and  changed  the  mixing  ratio  of 
LiCoC>2  in  0.7(LiCoO2  +Li[Lio.5Mno.5]02).  While  increasing 
the  LiCo02  composition,  the  layer-like  structure  of  the  synthe¬ 
sized  materials  were  enhanced  and  exhibited  a  low  resistance 
value  on  cycling.  On  the  other  hand,  Zhang  et  al.  [9]  changed 
the  mixing  ratio  of  LiCo02  in  0.4(LiCoO2  +Li2Mn03),  while 
maintaining  0.6Li[Nio,5Mno,5]02.  They  observed  an  increase 
in  the  value  of  the  discharge  capacity  when  the  composition 
of  LiCo02  was  reduced.  Further,  to  investigate  the  effect  of 
metal  composition  in  the  transition  metal  layers,  they  fixed  one 
end  member  concentration,  while  changing  the  compositions  of 
other  two  end  members.  In  the  present  work,  layered  manganese 
oxides  solid  solutions  of  LiMC>2  (M  =  Li^Ni^CoyMn^)  ( w  = 
1/15  -  1/6;*  =  0  —  3/10; y=  1/5  —  1/2; z=  13/30  —  1/3; i.e.  w  + 
v  +  y  +  z=  1)  were  synthesized  with  three  end  members: 
LiCoC>2,  Li2Mn03(Li[Lii/3Mn2/3]02),  and  LifNio.5Mno.5JO2 
using  a  sol-gel  method.  In  order  to  understand  the  influence 
of  the  metals  on  the  structural  and  electrochemical  properties 
of  the  solid  solutions,  the  compositions  of  metals  in  transition 
metal  sites  were  adjusted  by  changing  the  mixing  ratio  of  the 
three  end  members  which  are  discussed  below. 

2.  Experimental 

LiM02  (M  =  Li^Ni^CoyMn^)  (w  =  1/15  -  1/6;  *  =  0- 
3/10;  y=  1/5 -1/2;  z=  13/30—  1/3;  i.e.  u;  +  v  +  y  +  z=  1) 
compounds  were  prepared  by  a  sol-gel  method  using  gly¬ 
colic  acid  as  a  chelating  agent.  Stoichiometric  amounts  of 
CH3 COOLi •  2H2 O  (Kanto),  (CH3C00)2Ni4H20  (Aldrich), 
(CH3COO)2Co4H20  (Aldrich),  and  (CH3COO)2Mn 4H20 
(Acros)  were  dissolved  in  DI  water.  The  dissolved  solution  was 
added  drop  by  drop  to  the  continuously  agitated  aqueous  solu¬ 
tion  with  glycolic  acid.  The  pH  of  the  solution  was  in  the  range  of 
5-5.5.  The  prepared  solution  was  evaporated  at  70-80  °C.  The 
resulting  precursors  were  heated  at  a  ramping  rate  of  1  °C  min-1 
and  decomposed  at  450  °C  for  10  h  in  air.  Then,  the  decom¬ 
posed  powders  were  calcined  for  10  h  at  950  °C  and  quenched 
to  room  temperature.  Provided  in  Table  1  is  the  information  on 
the  samples  synthesized  and  the  summarized  results  of  Rietveld 
refinements  from  their  XRD  spectra. 

The  powder  X-ray  diffraction  (XRD,  D/Max  2500,  Rigaku) 
measurement  using  Cu  Ka  radiation  was  employed  to  charac¬ 


terize  the  crystalline  phase  of  the  synthesized  material.  Rietveld 
refinement  (Fullprof  2000,  LLB)  was  performed  on  the  X-ray 
diffraction  data  to  identify  the  variation  of  constants  for  the  unit 
cell.  The  crystal  structure  of  the  synthesized  material  was  also 
confirmed  by  a  micro-Raman  spectrometer  (RS  spectra,  RS  100, 
Reinshow)  with  holographic  gratings.  The  laser  light  source  was 
the  514  nm  line  radiation  from  a  Spectra- Physics  2020  argon  ion 
laser.  The  morphology  of  the  prepared  material  was  observed  by 
field  emission  scanning  electron  microscope  (FE-SEM,  S-4700, 
Hitach). 

The  electrochemical  characterization  was  carried  out  using  a 
2032-type  coin  cell  (Hosen).  For  the  fabrication  of  the  cath¬ 
ode,  20  mg  of  prepared  LiMC>2  (M  =  Li^NiyCo^Mm)  ( w  = 
1/15  -  1/6;*  =  0  —  3/10;y  =1/5-  1/2; z=  13/30  -1/3; i.e.  w  + 
v  +  y  +  z=  1)  compounds  were  mixed  with  12  mg  of  conduc¬ 
tive  binder  (8  mg  of  teflonized  acetylene  black  and  4  mg  of 
graphite).  The  mixture  was  pressed  onto  20  mm2  stainless  steel 
mesh,  which  was  used  as  the  current  collector,  and  dried  at 
100  °C  for  10  h  in  a  vacuum  oven.  The  cells  were  comprised:  of 
the  cathode  and  the  lithium  foil  (Cyprus  Foote  Mineral)  anode, 
separated  by  a  porous  polypropylene  film  separator  (Celgard 
3401).  The  electrolyte  was  a  1M  LiPF^ — ethylene  carbonate 
(EC)/dimethyl  carbonate  (DMC)  at  a  1:2  volume  ratio  (Merck). 
The  cells  were  assembled  in  an  argon-filled  dry  box  and  tested 
at  room  temperature.  The  cells  were  charged  and  discharged  at  a 
current  density  of  0.4  mA  cm-2  in  the  voltage  range:  2. 5-4. 5  V. 

3.  Results  and  discussion 

3.1.  SEM  analysis 

Fig.  la-g  shows  the  FE-SEM  images  of  the  prepared  samples 
of  LiMC>2  (M  =  Li^Ni^CoyMm)  (the  compositions  of  the  sam¬ 
ples  are  denoted  as  A-G  as  displayed  in  Table  1).  The  particles 
seem  to  be  semi- spherically  shaped  and  are  agglomerated.  The 
average  sizes  of  the  particles  are  found  to  be  between  250  and 
500  nm. 

3.2.  X-ray  diffraction  studies 

Fig.  2  shows  the  XRD  patterns  of  the  prepared  LiMC>2  sam¬ 
ples  with  their  corresponding  Miller  indices.  The  XRD  peaks  are 
all  indexed  based  on  a  hexagonal  a-NaFeC>2  structure  with  the 
space  group  R3m  (S.G.  no.  166),  except  that  the  super  lattice 
ordering  peaks  between  20  and  25°  as  shown  in  dotted  rect- 


Table  1 

The  compositions  of  LMO2  (M  =  Liu,NixCovMnz)  prepared  and  the  results  of  Rietveld  refinements  on  XRD  spectra  of  the  materials 


Sample  name 

X 

Composition 

a  (A) 

c(A) 

cl  a 

(%) 

flwp  (%) 

^exp  (%) 

A 

0.0 

Li[Lii/6Coi/2Mni/3]02 

2.8646 

14.2512 

4.9748 

14.3 

17.7 

7.32 

B 

0.1 

Li  [Li3/2o  N  i  1/20  C09/20  Mn7/2o  ]  O2 

2.8582 

14.2365 

4.9810 

13.8 

16.7 

7.02 

C 

0.2 

Li[Li2/i5Nii/ioCo2/5Mnn/3o]02 

2.8545 

14.2320 

4.9859 

13.1 

16.0 

6.75 

D 

0.3 

Li  [Li7/6oNi3/2o  C07/20  Mn23/60  ]  O2 

2.8311 

14.1682 

5.0045 

12.7 

14.9 

6.55 

E 

0.4 

Li[Lii/ioNii/5Co3/ioMn2/5]02 

2.8419 

14.2042 

4.9982 

11.1 

13.9 

6.32 

F 

0.5 

Li[Lii/i2Nii/4Coi/4Mn5/i2]02 

2.8459 

14.2089 

4.9929 

10.8 

13.1 

6.24 

G 

0.6 

Lii/i5Ni3/ioCoi/5Mni3/3o]02 

2.8245 

14.1514 

5.0102 

9.9 

12.6 

6.02 

622 
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Fig.  1.  FE-SEM  photographs  of  the  LiM02  (M  =  LLNfiCOyMn^)  powders. 


Fig.  2.  X-ray  diffraction  patterns  of  the  LiM02  (M  =  LLNiyCo^Mru)  powders. 

angle.  The  peak  observed  from  the  samples  A-G  results  from 
short  range  ordering  of  Li,  Co,  Ni  and  Mn  atoms  in  the  transi¬ 
tion  metal  layers,  indicating  a  characteristic  feature  of  Li2Mn03 
structure  [10].  Recently,  Grey  et  al.  [11]  reported  the  ordering 


of  Li2MnO3-LifNio.5Mno.5lO2.  Li-NMR  was  used  as  a  tool  to 
analyze  these  compounds  and  the  authors  found  that  the  lay¬ 
ers  of  [Lii/3Mn2/3]  in  Li2Mn03  are  well  ordered.  Also,  the 
same  authors  proved  [12]  that  the  Li2M03  (M  =  Ti,  Mn,  Zr) 
component  is  structurally  integrated  into  the  LiMno.5Nio.5O2 
component  and  yields  composite  structures  with  domains  having 
short  range  order  and  are  not  in  the  form  of  true  solid  solu¬ 
tions,  in  which  the  cations  are  uniformly  distributed  within  the 
discrete  layers.  But  these  results  are  in  contradiction  to  those 
reported  by  Dahn  et  al.  [13].  Hence,  it  appears  that  as  a  general 
consensus  these  materials  have  extremely  complex  structures 
with  inhomogeneous  cation  distributions.  The  calculated  lattice 
parameters,  a ,  c  and  c/a  ratio,  using  the  Rietveld  refinement  for 
XRD  data  for  the  samples  A-G  are  listed  in  Table  1 .  The  val¬ 
ues  of  a  and  c  decrease  when  the  contents  of  Mn  and  Ni  are 
increased.  The  decrease  in  the  values  of  the  lattice  parameter 
is  attributed  to  the  substituted  Ni2+  (r^j"  =  0.69  A  )  and  Mn4+ 

A  I  o  .  _i_  o 

(r^  =  0.53  A  )  ions  which  are  smaller  than  Li+  (r£  =  0.76  A) 

o  ,  Q  I  o 

and  CoJ  (rc^  =  0.545  A )  ions  in  size.  The  changes  of  the 
lattice  parameters  obey  Vegard’s  law  and  these  results  are  in 
accordance  with  earlier  reports  [5,6].  The  c/a  ratio  of  the  sam¬ 
ples  is  >4.9,  which  suggests  that  the  prepared  samples  have  a 
layered  structure  with  hexagonal  crystals.  Although,  super  lat¬ 
tice  ordering  peaks  exist,  the  clear  splitting  of  the  peaks  assigned 
to  the  Miller  indices  (00  6,  102)  and  (10  8,  1  10)  indicate  that 
the  synthesized  samples  have  a  typical  layered  structure. 
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Fig.  3.  Raman  spectra  of  the  LiMC>2  (M  =  LiwNixCovMnz)  powders.  The  inset 
shows  the  frequency  shift  of  the  Raman  modes  for  each  sample. 

3.3.  Raman  spectra  analysis 

In  order  to  substantiate  the  XRD  data,  the  Raman  spectra  have 
been  used  as  a  complementary  tool  in  the  recent  years  [14-17]. 
Fig.  3a-g  displays  the  Raman  spectra  of  the  samples  prepared 
for  the  various  lithium  contents.  It  is  quite  obvious  from  the 
Fig.  3,  that  the  peak  which  starts  around  575  cm-1  is  sharpened 
when  the  content  of  lithium  is  increased.  The  intensity  of  the 
peak  was  found  to  be  a  maximum  when  the  content  of  lithium 
is  high.  This  increase  of  intensity  with  the  increase  of  lithium 
content  is  attributed  to  the  decrease  of  electrostatic  repulsion 
between  adjacent  layers  of  the  compound.  Also,  the  negatively 
charged  oxygen-oxygen  interaction  decreases,  when  the  content 
of  lithium  is  increased.  The  observed  upward  shift  of  the  bands  is 
attributed  to  a  contraction  of  the  c-axis  direction  [17-19].  These 
results  are  in  accordance  with  the  lattice  parameter  values  as 
depicted  in  Table  1 .  A  similar  observation  was  observed  by  Wu  et 
al.  [17]  in  which  the  authors  reported  the  Raman  and  XRD  anal¬ 
ysis  for  Li2.26Mno.91Cr1.29O4.93,  Li2.70Mn0.91Cr1.08O5. 13  and 
Li3.07Mn0.91Cr1.06O5.37. 

3.4.  Charge-discharge  studies 

Fig.  4  shows  the  capacity  versus  voltage  profiles  of  the  fab¬ 
ricated  Li/LiM02  (M  =  Li^Ni^CoyMn^)  cells  at  25  °C.  All 
the  samples  exhibit  smooth  and  monotonous  charge/discharge 
curves,  which  are  normally  observed  with  the  typical  layered 
solid  solutions  for  manganese  oxides  [20],  which  substanti¬ 
ates,  that  our  prepared  samples  have  a  layered  structure.  The 


cycling  behavior  of  the  samples  A-D  was  different  from  that  of 
the  samples  E-G.  The  discharge  capacity  of  the  samples  A-D 
increased  initially  and  a  fade  in  capacity  was  observed  upon  fur¬ 
ther  cycling.  On  the  other  hand,  samples  E-G,  exhibited  capacity 
fading  from  the  first  cycle.  This  type  of  electrochemical  behavior 
has  generally  been  observed  from  manganese  oxide  solid  solu¬ 
tions  with  Li  ions  in  the  transition  metal  sites  and  is  attributed 
to  the  structural  formation  without  transition  to  the  spinel  struc¬ 
ture  [5,6].  The  charge-discharge  behavior  of  the  sample  G  is 
very  similar  to  the  cycling  characteristics  of  typical  LiNi02  [21]. 
Nonetheless,  the  capacity  of  the  samples  E-G  slightly  decreases 
upon  cycling,  the  fade  in  capacity  per  cycle  is  very  low  and 
the  enhanced  cyclability  can  be  believed  due  to  the  presence 
of  Mn3+/Mn4+and  Ni4+/Ni2+couples.  Among  the  samples  stud¬ 
ied,  the  compound  F,  Li[(CoLii/3Mn2/3)(i-^)/2(Nii/2Mni/2)^]02 
(v  =  0.5)  exhibits  a  stable  voltage  profile. 

Fig.  5  shows  the  plots  of  discharge  capacity  versus  cycle 
number  of  the  Li/LiM02  cells.  In  the  first  cycle,  the  discharge 
capacities  of  the  samples  A-G  were  169,  185,  172,  165,  167, 
170  and  170  mAh  g-1,  respectively.  The  samples  A-D  showed 
an  initial  increase  of  the  discharge  capacity  up  to  a  few  cycles  and 
the  samples  E-G  exhibited  a  decrease  in  the  discharge  capac¬ 
ity  from  the  first  cycle.  The  discharge  capacity  of  sample  A  is 
169  mAh  g-1  in  the  first  cycle  and  then  gradually  increases  to  a 
maximum  of  198  mAh  g- 1  in  the  sixth  cycle.  A  similar  trend  was 
observed  for  other  samples  B-D.  The  samples  A-D  delivered 
an  initial  discharge  capacity  of  169,  185,  172  and  165  mAhg-1 
during  the  first  cycle  and  178,  195,  178  and  165  mAh  g-1  at  the 
end  of  50th  cycle.  Upon  cycling  (50  cycles)  we  could  not  observe 
any  fade  in  capacity  for  the  samples  A-D.  On  the  other  hand, 
the  samples  E-G  exhibited  a  slight  fade  in  capacity  of  0. 16, 0.04 
and  0.20 mAhg-1  per  cycle,  respectively.  A  fade  in  capacity 
upon  cycling  for  layered  manganese  oxide  compounds  has  been 
observed  by  many  researchers  [22-24] .  They  observed  an  initial 
increase  in  the  discharge  capacity  with  the  cycle  number  and 
after  reaching  the  maximum  value  it  underwent  capacity  fading. 
According  to  Kim  et  al.  [25],  this  phenomenon  occurs  due  to  the 
stabilization  of  synthesized  solid  solutions  with  cycling.  The 
rate  of  lithium  insertion  and  extraction  at  a  high  current  density 
is  very  fast  and  the  manganese  oxides  are  progressively  stabi¬ 
lized  in  the  structure  with  cycling.  They  also  reported  that  the 
increase  in  the  initial  discharge  capacity  is  due  to  the  oxidation 
state  of  Mn  which  varies  from  4+  to  3+  (discharging  process)  or 
from  3+  to  4+  (charging  process)  during  cycling.  Samples  E-G 
exhibited  minimum  capacity  fading  even  after  the  50th  cycle. 
The  discharge  capacity  and  fade  in  capacity  per  cycle  are  shown 
in  an  inserted  table  in  Fig.  5. 

The  composition  of  metals  in  transition  metal  sites  changes 
in  the  following  order  for  the  samples  A-G,  i.e.  the  compo¬ 
sitions  of  Li  and  Co  decrease,  whereas  those  of  Mn  and  Ni 
increase.  It  seems  that  the  discharge  capacity  of  the  sample  A 
is  influenced  mainly  by  the  Co3+/Co4+and  Mn3+/Mn4+couples 
with  a  mixing  ratio  of  the  end  members:  LiCo02  and  Li2Mn03, 
Li [ (C oLi  1 /3 Mn2/3 ) ( 1  ~x)/2 (Ni  1/2 Mn i/2 )* ] 02  0.5:0.5,  when  x  =  0. 
Fig.  6a  shows  the  plot  of  dQ/dV  versus  voltage  for  the  sam¬ 
ple  A.  The  main  peaks  appearing  around  3.8  V  are  due  to 
the  Co3+/Co4+ redox  couple  and  the  broad  peaks  at  3.4-3. 5  V 
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Capacity  (mAh/g) 


Fig.  4.  The  charge/discharge  curves  of  Li/LiMC>2  (M  =  LLNLCoyMn^)  cells  at  a  current  density  of  0.4  mA  cm 


with  a  voltage  range  of  2. 5-4.5  V. 
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Fig.  5.  The  cycle  number  vs.  discharge  capacity  of  Li/  LiMC>2  (M  =  LiwNixCoyMnz)  cells  at  a  current  density  of  0.4  mA  cm-2  with  a  voltage  range  of  2.5-4.5  V. 


are  derived  from  the  Mn3+/Mn4+ redox  couple.  For  the  sam¬ 
ple  B,  the  broad  peaks  are  due  to  the  Mn3+/Mn4+ redox  cou¬ 
ple  and  are  larger  than  that  of  sample  A,  indicating  that  the 
discharge  capacity  of  the  sample  B  is  higher  than  that  of  sam¬ 
ple  A.  A  similar  observation  was  reported  by  Numata  et  al. 


[24]  where  they  studied  the  cyclic  voltammetry  behavior  of  Li 
(Lii_xCox/3Mn2x/3)02.  In  Fig.  5,  it  was  observed  that  the  sam¬ 
ples  A-D  increase  the  discharge  capacity  from  the  first  cycle.  In 
the  first  charge  state,  the  as-prepared  samples  maintain  the  Mn 
oxidation  state  of  4+.  But  the  Mn  begins  to  undergo  a  change 
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Fig.  6.  Voltage  vs.  differential  capacity  of  Li/LiMC>2  (M  =  Liu,NixCovMm)  cells  at  a  current  density  of  0.4  mA  cm 


with  a  voltage  range  of  2.5-4. 5  V. 


in  oxidation  state  due  to  the  irreversible  charge  capacity  which 
appeared  in  the  first  charge  state  at  a  high  voltage  of  4.5  V,  result¬ 
ing  in  an  increase  in  discharge  capacity  from  the  second  cycle. 
The  irreversible  capacity  is  ascribed  to  the  extraction  of  Li  ions 
from  the  transition  metal  sites,  which  generates  oxygen  vacan¬ 
cies  on  the  sites.  This  causes  an  imbalance  in  the  total  oxidation 
state  in  the  transition  metal  layer,  leading  to  a  change  in  the 
oxidation  state  of  Mn  [5,6].  As  the  Mn  content  increases  from 
the  samples  A-G,  the  peaks  of  the  Mn3+/Mn4+redox  couple 
at  3. 4-3. 5  V  gradually  disappear.  The  samples  F  and  G  do  not 
show  the  peaks  of  the  Mn  redox  couple.  Dahn  et  al.  [25]  could 
not  find  the  Mn  redox  peak  for  the  compound,  LiNio.5Mno.5O2 
when  the  dQ/dV  was  plotted.  However,  in  the  present  study 
due  to  Li2Mn03,  the  Mn  redox  peaks  are  degenerated  for 
all  samples  (A-G)  and  the  redox  peaks  appear  in  the  dQ/dV 
plot. 

Fig.  7  shows  the  theoretical  discharge  capacities  of  all  the 
synthesized  samples.  The  capacity  values  were  calculated  from 
each  redox  couple,  i.e.  Ni2+/Ni4+,  Co3+/Co4+,  Mn3+/Mn4+,  by 
assuming  that  these  redox  couples  influence  the  capacity  of  each 
sample.  Our  calculation  was  based  on  the  equation  reported 
Zhang  et  al.  [26]  who  proposed  a  method  to  estimate  the  the¬ 
oretical  capacity  of  solid  solutions.  It  is  seen  that  the  capacity 
of  the  sample  A  (without  Ni)  is  principally  determined  by  the 
redox  couples  of  Co3+/Co4+and  Mn3+/Mn4+.  On  the  contrary, 


in  the  sample  G,  the  effect  of  Co  and  Mn  almost  vanishes,  and 
Ni  becomes  a  more  dominant  element  in  determining  the  capac¬ 
ity.  The  content  of  Mn  in  the  sample  G  is  more  than  that  of  the 
sample  A.  But  the  Mn  contents  of  Li2Mn03  are  less  than  that 
of  the  sample  A.  So,  the  theoretical  capacity  of  Mn  in  Li2Mn03 


Fig.  7.  The  theoretical  capacity  of  LiM02  (M  =  LiwNixCovMn z)(w  =  1/15  — 
1/6;  x  =  0  —  3/10;  y=  1/5  —  1/2;  z  =  13/30  —  1/3;  i.e.  w  +  v  +  y  +  z  =  1)  vs.  the 
composition  of  the  samples. 
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is  smaller  than  that  of  sample  A.  For  the  samples  C-E,  it  seems 
that  the  charge  capacity  at  the  first  cycle  is  due  to  the  overlap¬ 
ping  of  the  Co3+/Co4+  and  Ni2+/Ni4+couples.  For  the  samples 
F  and  G,  it  seems  that  the  incorporation  of  Ni  in  producing  the 
capacity  compensates  for  the  decreased  capacity  Co3+/Co4+and 
Mn3+/Mn4+couple  induces.  The  shape  of  the  discharge  curve  is 
more  predominant  due  to  the  presence  of  Ni2+/Ni4+  couple  in 
sample  G  than  that  of  sample  F  because  the  Ni  composition  is 
higher  in  the  sample  G  than  in  sample  F.  It  is  clearly  seen  that 
the  contents  of  Co  and  Mn  in  the  samples  play  an  important 
role  in  determining  the  discharge  capacities  of  the  synthesized 
materials. 

4.  Conclusions 

Layered  LiM02  (M  =  Li^Ni^CoyMm)  ( w  =  1/15  —  1/6; 
v  =  0  —  3/10;  y—  1/5  —  1/2;  z  —  13/30—  1/3;  i.e.  w  +  v  +  y  + 
z  =  1)  solid  solutions  have  been  synthesized  using  the  sol-gel 
method.  The  contents  of  Li,  Co,  Mn  and  Ni  in  the  transition 
metal  sites  were  changed  to  determine  the  role  of  these  elements 
in  the  electrochemical  behavior  of  the  solid  solutions.  The  par¬ 
ticle  sizes  of  the  prepared  solid  solutions  are  in  the  range  of 
250-500  nm  and  are  semi- spherically  shaped.  XRD  and  Raman 
studies  confirmed  that  the  synthesized  solid  solutions  have  a  typ¬ 
ical  layered  hexagonal  phase.  The  cycling  studies  revealed  that 
although  samples  A-D  exhibit  higher  discharge  capacities  than 
the  samples  E-G,  the  latter  samples  showed  a  minimum  fade  in 
capacity  per  cycle. 
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